The self-renewal of intestinal stem cell is controlled by Wingless/Wnt-β catenin signaling both in Drosophila and mammals. Axin is a rate-limiting factor in wingless signaling. Hence, its regulation is essential. Iduna is an evolutionarily conserved ubiquitin E3 ligase that has been identified as a critical regulator of degradation of ADP-ribosylated Axin and thus of Wnt-β catenin signaling.
Introduction
The evolutionarily conserved Wnt/β-catenin signaling pathway is a main regulator of animal development. It controls proliferation, differentiation and regeneration of adult tissues (Nusse and Clevers, 2017) . The Wingless pathway is also involved in adult tissue self-renewal in Drosophila (Lin et al., 2008) . Genetic depletion of proteins in the Wingless pathway, such as Tcf, arr, dsh and pygo, leads to inhibition of Wingless signaling activation which in turn causes over-proliferation of stem cells in the Drosophila midgut (Kramp et al., 2002; Wang et al., 2016a and 2016b; Tian et al., 2016) . However, inactivation of Wnt signaling in the small intestine of mice decreases the proliferative potential of stem cells (Fevr et al., 2007; Korinek et al., 1998) . On the other hand, mutations which result in overactivation of the Wnt-β catenin cascade promote tumorigenesis (Clevers and Russe, 2012; Andreu et al., 2005; Korinek et al., 1997 and Morin et al., 1997) . For instance, mutations on adenomatous polyposis coli (APC) gene cause a hereditary colorectal cancer syndrome called familial adenomatous polyposis (Kinzler et al., 1991; Nishisho et al., 1991) . Axin loss-of-function mutations are found in hepatocellular carcinomas, while oncogenic β-catenin mutations are described in colon cancer and melanoma (Rubinfeld et al., 1997) . Consequently, intense efforts have been made to target this pathway for therapeutic purposes (Clevers and Russe, 2012) .
A key feature of the Wnt/β-catenin pathway is the regulated proteolysis of the downstream effector β-catenin by the β-catenin degradation complex. The principal components of this complex are adenomatous polyposis coli (APC), Axin and Glycogen synthase kinase 3α/β (GSK3α/β) (Hamada et al., 1999; Salic et al., 2000; Lee at al., 2003) . Axin, a critical scaffold protein in the β-catenin degradation complex, is the rate-limiting factor of Wnt signaling and its protein levels are regulated by the Ubiquitin Proteasome System (UPS) (Li et al., 2012) .
Axin is targeted for degradation by the combined action of the poly-ADP-ribose polymerase Tankyrase (TNKS) and the ubiquitin E3-ligase Iduna/Ring finger protein 146 (RNF146) (Zhang et al., 2011) . Both genetic and pharmacological studies suggest that UPS-dependent degradation of Axin occurs in a specific temporal order. Iduna initially exists in an inactive state, but binding to its iso-or poly-ADP-ribosylated targets causes allosteric activation of the enzyme (DaRosa et al., 2015) . Hence, in the initial step, TNKS binds to Axin and ADP-ribosylates Axin by using NAD + . Then, Iduna recognizes and binds to ADP-ribosylated Axin via its WWE domain and poly-ubiquitylates Axin. Following the ADP-ribosylation and ubiquitination, post-translationally modified Axin is rapidly degraded by the proteasome (DaRosa et al., 2015; Wang et al., 2016a and 2016b; Croy et al., 2016; Callow et al., 2011) . This tight control suggests an important function for Iduna to regulate the Wnt-β catenin pathway.
Since the stability of Axin is partially regulated by TNKS-mediated ADP ribosylation, specific small-molecule inhibitors have been developed to inhibit Wnt-sigaling (Lu et al., 2009; Huang et al., 2009) . For example, XAV939 targets the ADP-ribose polymerase activity of TNKS and increases Axin levels, which in turn destabilizes β-catenin to inhibit Wnt signaling (Huang et al., 2009 ). There are two TNKS isoforms in mammalian cells (Hsiao et al., 2006) . Tnks1 -/and Tnks2 -/-mice are overall normal; however, double knock-out of Tnks1/2 causes early embryonic lethality, which indicates their redundancy in mouse development (Hsiao et al., 2006; Chiang et al., 2008) . On the other hand, inactivation of the single Drosophila Tnks gene produces viable flies that have slightly increased Axin levels but no overt defects (Wang et al., 2016a and 2016b; Feng et al., 2014; Yang et al., 2016; Tian et al., 2016) . Therefore, the exact physiological function of TNKS and Iduna-mediated regulation of Wnt-signaling remains to be determined. In order to address this question, we generated and characterized Drosophila Iduna loss-of-function mutants and demonstrate a critical function of this pathway for stem cells in the Drosophila intestinal tract.
The Drosophila genomes encode four isoforms of CG8786/Iduna/RNF146, which is evolutionarily conserved from Drosophila to human. In this study, we concentrated on the physiological function of Iduna in the adult Drosophila midgut, which shares several striking similarities with the mammalian small intestine but offers greater anatomical and genetic accessibility (Micchelli et al., 2005; Ohlstein et al., 2005; Markstein et al., 2013) . Under normal conditions, Wingless signaling controls stem cell proliferation and cell fate specification in adult midgut . Here, we show that Iduna has a physiological function to regulate the proteolysis of both TNKS and Axin. Inactivation of Iduna results in increased numbers of midgut stem cells and progenitors due to overproliferation. We find that Axin accumulation in enterocytes promotes the secretion of Unpaired, a cytokine that binds to the Domeless receptor and activates the JAK-STAT pathway in stem cells and thereby promotes stem cell division. Significantly, reducing Axin expression by half restores the numbers of ISC. These findings indicate that regulation of Axin proteolysis by Iduna is necessary to control intestinal homeostasis in Drosophila.
Results

Iduna plays a role in Axin degradation: To examine the in vivo function of
Drosophila Iduna, CRISPR-Cas9 genome editing was used to generate Iduna mutants. Iduna is located on the 3 rd chromosome of Drosophila. We designed a specific guide RNA that targets Iduna`s first exon and identified two mutant alleles by Sanger sequencing: Iduna 17 and Iduna 78 , which have 4-nucleotides and 2-nucleotides deletions, respectively ( Fig 1A) . These deletions are close to the translation start side of Iduna. Next we assessed the levels of mRNA and protein expression in these mutants. Using reverse transcript PCR analysis, we found significantly reduced amounts of Iduna transcripts in the Iduna 78 mutant. On the other hand, were unable to detect any Iduna B and C/G transcripts in the Iduna 17 allele ( Fig 1B) . Moreover, no Iduna protein was detected in either of these mutants, indicating that they represent Null-mutations ( Fig 1C) . Finally, genetic analyses of these alleles in trans to a larger deletion (see below) indicate that both alleles are complete loss-of-function mutations.
Iduna mutants were crossed to Drosophila deficiency lines [Df(3L)Exel6135, Df(3L)ED228)] and also to each other and all combinations were viable as transheterozygotes. Iduna-Null flies had no overt morphological defects when compared with wild type controls. However, Iduna mutants displayed increased mortality under reduced nutrient conditions ( Fig 1D) .
Iduna is one of the key components of the machinery that degrades Axin whose ADP-ribosylation by TNKS is important for mammalian Wnt-β catenin signaling (Li at al., 2012) . To understand the contribution of Iduna inactivation for both TNKS and Axin proteolysis in Drosophila, UAS-Flag-TNKS and UAS-GFP-Axin transgenes were expressed under an eye-specific driver, GMR-Gal4, in an Iduna mutant background. Five day-old adult male heads were lysed and total proteins were analyzed by immunoblotting to detect the levels of tagged proteins (Fig 1E and G) . Iduna mutants had 2.5-fold more Axin protein when compared to wild type ( Fig 1F) . These mutants had 3.5-fold more TNKS protein as well ( Fig 1G-H) .
Therefore, Iduna can promote the proteolysis of both Axin and TNKS.
Iduna is required to control the proliferation of intestinal progenitors in the
Drosophila midgut: Wingless signaling is required to control intestinal stem cell proliferation in Drosophila (Xu et al, 2011; Cordero et al., 2012; Tian et al., 2016) .
Since Iduna mutants have elevated Axin level and increased mortality upon starvation, we hypothesized that Iduna inactivation may cause defects in the digestive system. Just as the mammalian intestine (Korinek et al., 1998) , the Drosophila midgut has intestinal stem cells (ISCs), which give rise to all intestinal compartments (Micchelli et al., 2005; Ohlstein et al., 2005) . ISC are marked by the expression of a transcription factor, escargot (esg), whose GFP reporter allows tracing of stem and progenitor cells during development (Ohlstein et al., 2005) (Fig 2A-B ). Using the esg>GFP marker, we saw an approximately twofold increase in the numbers of ISCs/progenitors in the midgut of Iduna-Null mutants compared to controls ( Fig 2C-D) .
ISCs give rise to two types of daughter progenitor cells: undifferentiated enteroblasts (EBs) and pre-enteroendocrine cells (Pre-EE). EBs and pre-EEs differentiate into enterocytes (ECs) and enteroendocrine (EEs) cells, respectively (Ohlstein et al., 2005; Xu et al., 2011) (Fig 1SA-B) . Iduna inactivation increased the numbers of Arm + /Proscells ( Fig 2E-F) approximately twofold compared to controls ( Fig 2G-H) . We also observed a slight increase in the total cell number in the midgut of Iduna mutants ( Fig 2SA) . On the other hand, there were no significant differences in the number of EC and EE cells ( Fig 2SB-D) .
Collectively, these observations indicate that Iduna inactivation leads to elevated numbers of ISCs in the Drosophila midgut.
The observed increase in ISC-numbers could be the result of aberrant stem cell proliferation or inhibition of their differentiation. To distinguish between these possibilities, we first assessed cell proliferation ( Fig 3A-B) . Using EdU-labelling, we observed that Iduna mutants had more EdU-positive cells ( Fig 3C) . Moreover, phospho-Ser-Histone H3 (pH3) immunostaining ( Fig 3D-E) also revealed a significant increase in pH3 + mitotic cells in the midgut of Iduna-Null mutants ( Fig   3F) . These findings suggest that ISCs undergo increased proliferation in Iduna mutants. To address the second possibility whether there was inhibition of differentiation in Iduna mutants, we generated mutant clones (Theodosiou et al., 1998) . We found that ECs and EEs were present in the mutant clones, demonstrating that Iduna was not essential for differentiation of ISCs to daughter cells ( Fig S2A-H) .
Regulation of Axin proteolysis by Iduna is necessary for normal ISC proliferation:
In order to determine the function of Iduna in the Drosophila midgut in more detail, we investigated the consequences of Iduna inactivation on Axin in this system. For this purpose, we first expressed a UAS-GFP-Axin transgene under the enterocyte specific temperature sensitive Myo1A-Gal4 driver ( Fig 4A) . Using this reporter, we saw 2-2.5 fold more Axin in Iduna mutants compared to controls ( Fig 4B) .
Mammalian Iduna recognizes both ADP-ribosylated (ADPR) TNKS and Axin via the R163 residue in its WWE domain (Zhang et al., 2011) . The R163 residue is conserved in evolution and corresponds to R252 in the Drosophila WWE domain ( Fig 4C) . To examine the level of ADPR-Axin in Iduna mutants, endogenous ADPR-Axin was pulled down with recombinant wild type or R252A-WWE-mutant proteins ( Fig 4D) . This analysis revealed that Iduna mutants had a more than two-fold increase in ADPR-Axin in their midgut compared to wild type ( Fig 4E) .
Finally, Iduna mutant clones had more GFP-Axin when compared to neighboring cells ( Fig 4F) .
One plausible mechanism by which Iduna may control the proliferation of ISCs in the Drosophila midgut is through modulating the concentration of Axin. To determine whether a reduction of the elevated Axin levels could reduce ISC numbers in Iduna mutants, they were recombined with Axin mutants and then crossed again with Iduna mutants to generate flies that were homozygous mutant for Iduna (-/-) and heterozygous for Axin (+/-) . Strikingly, a reduction of the Axin gene dosage by 50% restored ISC numbers to wild type levels in Iduna mutants ( Fig   5A) . Compared to normal controls, Iduna mutants had an approximately twofold increase in the number of Arm + /Prosas well as pH3 + mitotic stem cells ( Fig 5B- C). On the other hand, reducing the Axin gene dosage by 50% in an Iduna-Null background yielded numbers of ISCs and the pH3 + stem cells comparable to wild type. These results suggest that small changes in the levels of Axin have profound effects on stem cell number, and that regulation of Axin degradation by Iduna is necessary to for normal ISC proliferation.
The proliferation of ISCs in the Drosophila midgut is regulated by intrinsic signals and also interactions with neighboring cells (Zhou et al., 2013; Tian et al., 2016) .
To further investigate whether the observed effects reflect a cell-autonomous requirement of Iduna in stem cells, or alternatively a requirement in other cells of the midgut, Iduna was specifically targeted in enterocytes as well as the midgut stem cells and progenitors by using Myo1A-Gal4 and esg-Gal4 drivers, respectively ( Fig 6A) . RNAi-mediated knock-down of Iduna in enterocytes caused a significant increase in stem cell numbers ( Fig 6B) . However, stem cell/progenitor cell-specific knock-down of Iduna did not affect either the stem cell numbers or mitosis in midgut ( Fig 6B-C) . This suggests that Iduna inactivation causes ISC over-proliferation by a non cell-autonomous mechanism, and that perhaps enterocytes are responsible for stem cell over-proliferation in Iduna mutants. To further test this idea, we ectopically expressed Iduna in enterocytes and investigated if this could suppress stem cell proliferation in Iduna mutants ( Fig 6D) . Indeed, consistent with this model, we saw that Myo1A-Gal4 driven UAS-Iduna was able to restore normal numbers of stem cells and progenitors ( Fig 6E-F) . Taken together, our results indicate that Iduna plays a physiological role to regulate Wingless signaling in enterocytes, which is critical for proper ISC proliferation.
Depletion of Iduna promotes stem cell proliferation through the JAK-STAT pathway:
In order to further investigate the mechanism by which Iduna affected ISC proliferation, we explored the function of additional signaling pathways implicated in this system. Because the JAK-STAT pathway has a well-known role in stem cell proliferation (Zeidler et al., 2000; Zoranovic et al., 2013; Zhou et al., 2013; Markstein et al., 2013) , we looked for possible effects of Iduna mutants here. Using a STAT-GFP reporter line (Bach et al., 2007) , we saw that stem cells were the STAT-GFP + cells ( Fig 7A) and Iduna mutant clones had elevated JAK-STAT signaling ( Fig 7B) . To test whether activation of JAK-STAT signaling was responsible for aberrant ISC proliferation, we knocked down stat92E, a transcription factor in the JAK-STAT pathway, in enterocytes as well as in stem cells and progenitors. Interestingly, knock-down of stat92E in ISCs was sufficient to suppress their increased proliferation in Iduna mutants ( Fig 7C) . Collectively, these observations suggest that Iduna inactivation causes abnormal Wingless signaling in enterocytes, which in turn causes elevated JAK-STAT signaling in ISCs and thereby results in their over-proliferation.
This model raises the question of how enterocytes signal ISC proliferation. One possibility is that enterocytes secrete a factor activating the JAK-STAT pathway in ISCs. The JAK-STAT pathway can be activated by cytokines, such as unpaired (UPD, UPD2, UPD3) in Drosophila (Ghiglione et al., 2002; Zhou et al., 2013) . Therefore, we explored the possibility that unpaired cytokines mediate ISC over-proliferation in Iduna mutants. For this purpose, we first inactivated Iduna under Upd3-Gal4 driver and found that RNAi-mediated knock-down of Iduna resulted in a significant promotion of Upd3>UAS-GFP reporter ( Fig 7D) .
We then reduced Upd2 and Upd3 expression by 50% in Iduna mutants ( Fig 7E) .
Strikingly, we observed that a 50% reduction in Upd2-Upd3 expression fully suppressed ISC proliferation in Iduna mutants ( Fig 7E) . Secreted Unpaired proteins bind to the Domeless receptor on ISCs (Ghiglione et al., 2002) . Hence, our model predicts that decreasing Domeless levels should also suppress ISC cell over-proliferation in Iduna mutants. Again, this prediction was experimentally confirmed ( Fig 7E) . We conclude that inactivation of Iduna causes abnormal Wingless signaling in enterocytes, which in turn leads to increased secretion of UPD2-3 from these cells to stimulate over-proliferation of ISCs through the JAK/STAT pathway ( Fig 7F) .
Discussion
In this study, we investigated the in vivo function of Iduna in the control of stem cell proliferation in the Drosophila midgut. It was previously shown that mammalian Iduna is an unusual E3-ubiquitin ligase that specifically binds to and poly-ubiquitylates ADP-ribosylated substrates to promote their rapid degradation by the proteasome. However, the physiological function of Iduna remains largely unclear. In this study, we generated Drosophila Null-mutants and used them to show that Iduna has a critical in vivo function for the degradation of ADPribosylated TNKS and Axin to control stem cell proliferation. In particular, we focused on the role of Iduna in the Drosophila midgut. We found that Iduna The activity of Iduna depends on binding to ADP-ribosylated substrates via its WWE domain. Recognition and binding to its ADP-ribosylated target proteins changes the structural confirmation of Iduna. Subsequently, Iduna is activated to ubiquitylate its targets for proteasome-mediated degradation. It was previously reported that TNKS forms a tight complex with Iduna to control the proteolysis of target proteins (DaRosa et al., 2015) . We could not detect any obvious morphological differences between Iduna mutants and wild type. Although this may seem somewhat surprising, it is consistent with inactivation of Tnks in Drosophila, which also causes no overt abnormalities (Feng et al., 2014; Wang et al., 2016a and 2016b; Yang et al., 2016) . Like for Iduna, Tnks mutants have no obvious effects on wing development and the expression of Wingless target genes in larval wing discs, despite the fact that Axin levels are increased (Feng et al., 2014; Wang et al., 2016a and 2016b; Yang et al., 2016) . Our interpretation of these findings is that most tissues can tolerate relative modest (2-3fold) changes of Axin. For example, it appears that a greater than 3-fold increase of endogenous Axin is required for functional consequences of altered Wingless signaling in Drosophila embryos (Yang et al., 2016 ) and 3-9-fold changes are needed in wing discs (Wang et al., 2016a) . On the other hand, the Drosophila midgut appears much more sensitive to reduced Wingless signaling.
These results reveal the physiological importance of Iduna for Wingless signaling in the Drosophila midgut and have implications for the regulation of this highly conserved pathway in mammals. For example, conditional inactivation of Iduna in mouse bones leads to increased numbers of osteoclasts and inflammation (Matsumoto et al., 2017a) . In this system, down-regulation of Iduna leads to accumulation of Axin1 and 3BP2. This in turn attenuates β-catenin degradation and activates SRC kinase, respectively, thereby promoting the release of inflammatory cytokines in the bone (Matsumoto et al., 2017a) . On the other hand, Iduna depletion reduces proliferation of osteoblasts and promotes adipogenesis in the mouse skeleton (Matsumoto et al., 2017b) . Despite the obvious differences between mammalian bone and the Drosophila midgut, both systems show overall striking similarities in the use of TNKS/Iduna to restrict Axin levels to achieve proper levels of Wnt/β-catenin signaling during tissue homeostasis. Finally, our study also indicates that Axin may have a more general function as a scaffold protein to recruit multiple proteins which permit crosstalk with other pathways to modulate Wnt/β-catenin signaling. p<0.0001 was marked as ****. 
Figure Legends
CG8786/dRNF146/dIduna CRISPR/Cas9 editing:
We used the CRISPR optimal target finder website (tools.flycrispr.molbio.wisc.edu/targetFinder) to identify an appropriate guide RNA (gRNA) target sequence within dIduna (Granz et al., 2013 and . We purchased the forward 5`-GTCGCTAGCTGCAATCTGCTCTG-3` and reverse 5`-AAACCAGAGCAGATTGCAGCTAG-3` oligos (IDT, Inc.) annealed, and followed the protocol; from Port et al., 2014 to clone the annealed oligos into pCFD3-dU6:3gRNA plasmid (Addgene, plasmid# 49410, Port et al., 2014) . Transformants were verified via Sanger sequencing (Genewiz, Inc.). The gRNA plasmid was injected into 300 embryos of custom vasa-Cas9 Drosophila For RNAi experiment, crosses were performed at 24 0 C and the progeny of the desired genotypes were collected on the day of enclosion and maintained at 24 0 C for 7 days before dissection. In the case of using temperature sensitive driver, enclosed virgin females were collected and kept at 29 0 C for 7 days for intestine dissection. Signaling Technologies), α-myc tag (1/1000, Cell Signaling Technologies) (GFP (1/2500, Santa Cruz), β-actin (1/1000), anti-PAR (1/1000, Trevigen). Secondary antibodies: anti mouse, anti rabbit, anti guinea pig (1/5000, Jackson Labs).
Immunofluorescence: Adult intestines were dissected in 1xPBS and fixed in 4% paraformaldehyde in PBS for 45 min at room temperature. Tissues then, were first washed with 0.1% Tween 20-PBS, second washed with 0.1% TritonX-100-PBS and finally permeabilized in 0.5% TritonX 100-PBS for 30 min. Following the blocking with 10% BSA in 0.1% Tween 20-PBS for 1h at room temperature, primary antibody incubation in 10% BSA in 0.1% Tween 20-PBS was performed for overnight at 4 o C. 3X 5 min 0.1% Tween 20-PBS washed intestines then were incubated in secondary antibodies for 1h at room temperature. Specimens were finally mounted in Fluoromount-G (Southern Biotech) and analyzed with confocal imaging. Primary antibodies: mouse anti-Arm (N2 7A1, DSHB, 1:50), mouse anti-Prospero (MR1A, DSHB, 1/50), mouse anti-GFP (GFP-12A6, DSHB, 1/100), mouse anti-β-galactosidase (40-1a, DSHB, 1/100), mouse anti-Delta (C594.9B, DSHB, 1/100), rabbit anti-phosho-S10-Histone3 (06-570, Millipore, 1/1000). The secondary antibodies were Alexa fluorophores (Thermo Fisher Scientific) and diluted as 1/1000.
Immunoprecipitation: S2R+ cells were seeded at 5x10 6 cells/10 cm 2 culture plates and incubated overnight at 25 0 C. Cells were then co-transfected with 5µg of each plasmid by using Mirus-insect transfection reagent. Negative control was transfected with empty plasmids. 48 hours later, transfected cells were harvested. The cell pellets were washed within cold 1X PBS. This step was repeated 3 times. Pellets were re-suspended in 600µl 1% Triton X-100 lysing buffer. Re-suspended pellets were incubated on ice for 15 min and mixed gently and periodically. Total lysates were centrifuged at 13,000 rpm at 4 0 C for 30 minutes. The supernatant was removed and 100µl was stored as total lysate.
25µl Protein A/G (Thermo Scientific) beats were washed with lysing buffer for 3 times. 200µl supernatant was incubated with the mixture of washed protein A-G beads on the rotator at cold room for 30 minutes. In a parallel way, 25µl Protein A /G was washed with lysing buffer for 3 times. At the end of incubation period, beads-supernatant mixture was centrifuged at 2,000 rpm at 4 0 C for 1 minute.
Pre-cleaned supernatant was collected and added to beads. Antibody was added to supernatant-beads and incubated at cold room on rotator for 4 h. Beadssupernatant-antibody mixture was centrifuged at 2,000 rpm at 4 0 C for 1 minute and beads were washed with lysing buffer for 3 times. In the final step, beads were re-suspended in 50µl of 3X sample buffer to perform immunoblotting.
Recombinant protein purification from S2R+ cells: S2R+ cells were seeded at 5x10 6 cells/10 cm 2 culture plates and incubated overnight at 25 0 C. Then, flag or myc-tagged gene of interests were transfected and based on the small tag, a recombinant protein was immunoprecipitated with flag or myc agarose beads as described above. Finally, by using flag or myc peptides, tagged proteins were eluted and quantified by BCA (Pierce, ThermoFisher Scientific).
Quantification and statistics: ISC quantification, dissected midguts were stained with Armodillo and Prospero. Images of the R5a region (Buchon et al., 2013) were obtained with a 63X objective and total number of Arm + /Proscells in a field were counted. Quantifications of immunoblot were done with Image J.
Student t-test and ANOVA were used as statistical analysis and those were done with Prism (GraphPad) software.
